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TETRA(NEOPHYL) ZIRCONIUM 

This is a division of application Ser. No. 471,813, 
?led May 20, 1975, nowlU.S‘.'Pat._No. 3,932,307. 

~ BACKGROUND OF THE‘ INVENTION 

1. Field of the Invention . 
This invention relates to, an improved process for the 

polymerization of ole?ns .to provide linear polymers 
and copolymers, said process employing an improved 
catalyst comprising tetra(neophyl) zirconium, or its 
reaction products with metal oxides, for use therein. 
More speci?cally, this invention relates to a process for 
the homopolymerization and copolymerization of eth 
ylene, propylene, butene-l and higher l-olefins in 
which the catalyst is ‘either tetra(neophyl) zirconium 
or, preferably, the product obtained by the reaction of 
tetra(neophyl) zirconium with a partially hydrated 
metal oxide surface. The metal oxide can be an oxide 
selected from a metal of Groups ll(a), llI(a), lV(a), or 
lV(b) of the Bohr Periodic Table of the Elements such 
as fumed A1203, fumed TiOZ, fumed SiO2, MgO, copre 
cipitated AlzOaZrO, or SiO2.Al,O3 in each case free 
from merely absorbed H2O but partially surface 
hydrated. The most active, preferred catalyst is neop 
hyl zirconium aluminate or alumina prepared from the 
reaction of tetra( neophyl) zirconium with fumed A1203 
having 0.5 to 1.5% water of hydration on its surfaces 
prior to reaction with tetra(neophyl) zirconium. 

2. Prior Art ' 

In 1954 and 1955 pioneering advances in ole?n poly 
merization catalysts were disclosed by Karl Ziegler and 
associates at the Max-Planck Institute for Coal Re 
search in Mulheim, Germany, and by Arthur Anderson 
and associates in the laboratories of E. I. du Pont de 
Nemours and Company in Wilmington, Delaware. 
These new catalyst systems, now frequently termed 
coordination catalysts, were based on transition metal 
salts (e.g. titanium, zirconium or vanadium halides) 
which had been converted into reduced valence states 
by reaction with a variety of alkylating or arylating 
substances, usually simple organometallic compounds 
of a metal of Groups 1, II or III of the Periodic Table of 
Elements. It is believed that the mechanism of catalyst 
production involves alkylation (or arylation) of the 
transition metal halide followed by rapid decomposi 
tion of the unstable, transitory transition metal-alkyl 
(or aryl) compounds to give more stable complex prod 
ucts of lower valency which actively coordinate with 
and polymerize ole?ns by a coordination-polymeriza 
tion mechanism. Unlike the commercial polyethylene 
or any polypropylene previously known prepared by 
free-radical or ionic catlysts, polyole?ns prepared with 
coordination catalysts are of very high molecular 
weight and linear and highly ordered, thus exhibiting, 
in the case of homopolymers, such a high degree of 
chemical structural regularity and linearity that they 
are highly crystalline and exhibit high crystalline melt 
ing points, making them extremely valuable as textile 
?bers ?lms, and molded articles of commerce. Gener 
ally, however, it has been necessary in the case of these 
coordination catalysts to devise processes to remove 
the catalyst residues, which comprised the transition 
metal halides, since the residues were present at such 
levels as to discolor the polymer and the halide was too 
corrosive in subsequent fabrication machinery. 
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2 
More recently some more stable organometallic tran~ 

sition metal complexes, ‘usually including a halide an 
ionic ligand or a neutral Lewis Base ligand, ‘have been 
disclosed in patents of Giinther Wilke of the Max 
Planck Institute and by patents of several researchers in 
the laboratories of l.C.l. in England. ‘ 

Illustrative of the Wilke patents are U.S. Pat. Nos. 
3,379,706, 3,424,777, 3,432,530, 3,540,728, 
3,468,921, and 3,536,740. In all of these Wilke patents 
the hydrocarbyl groups attached to a transition metal 
are members of the class of a-r-allylic compounds charac 
terized by the structure ' ' . 

in which the R-radicals may be l-l- or any alkyl, aryl or 
alkaryl radicals of R, and R4 may together form a ring 
comprising methylene groups. Interactions between the 
ar electrons and the electrons of the‘ transition metal 
presumably occur affecting the stability and chemical 
‘reactivity of the complexes. These metal-ar-allyl com 
pounds are reacted with Lewis acids, such as HX, 
where X is halide, or Lewis Bases, such as tertiary 
amines or phosphines, to form complexes showing ac 
tivity as ole?n oligomerization or polymerization cata. 
lysts. However, polymerization reactions using such 
catalysts generally must be conducted as slurry poly 
merizations at low temperatures, because of marginal 
thermal stability and low solubility of the 1r allyl com 
plexes, and have been found less that fully satisfactory 
in the yields and molecular weight of polymers pro 
duced. Furthermore, because of ‘their corrosive and 
often toxic nature, the catalyst residues must be re 
moved from the polymeric products by time-consum- ' 
ing and costly procedures in order to provide products 
of general utility and safety in commerce. 
One improvement on the use of these rr-allylic transi 

tion metal complex catalysts in ole?n polymerization is 
disclosed in U.S. Pat. No. 3,732,198 of Whitely et al., 
assignors to l.C.l., who disclose the polymerization of 
ethylene with a combination of a classical coordination 
catalyst with a transition metal complex of a 1r-allylic 
compound. 
The patents arising from the work of researchers at 

l.C.l. in England are illustrated by U.S. Pat. Nos. 
3,681,317, 3,740,384, 3,738,944 and British Patent 
1,314,828. All of these involve tetra(benzyl)-transition 
metal compounds (e.g. tetra(benzyl) zirconium) com 
plexed with anionic ligands (e.g. halide) and/or neutral 
ligands (e.g. pyridine) as ethylene polymerization cata 
lysts. In certain cases there are disclosed as ethylene 
polymerization catalysts the reaction products of tet 

, ra(benzyl)-zirconium compounds with inorganic ox 

60 

65 

ides free of absorbed water by containing surface HO 
groups. Reasonable thermal stability is achieved with 
these substances. They apparently yield high molecular 
weight polyethylene but the polymerization rate and 
ef?ciency and polymer yield obtained with those cata 
lysts in processes for the polymerization of ethylene are 
generally not as good as with classical coordination 
catalysts, and hence again it would be necessary to 
remove catalyst residues in order to produce polyethy 
lene suitable for general fabrication techniques. 
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OBJECTS 'OF THE INVENTION ' 
An object of this invention is to provide an improved 

process for the polymerization and copolymerization of 
ethylene and other l-olefins (particularly propylene, 
butene-l , pentene-l, hexene-l, heptene-l, octene-l, 
nonene-l and decene-l .), as well as diole?ns, to linear, 
regular, .head-to-tail polymers of high molecular weight 
in which exceptionally high rates of polymerization and 
yields of polymer are achieved using halogen-free cata 
lysts.‘ ' ' 

‘Another object of this invention is to provide irri 
proved ole?n polymerization catalysts of substantially 
greater activity than previously known and having sub 
stantial thermal stability. 
Another object of this invention is to provide a solu 

tion, single phase process for the polymerization of 
ethylene and other l-ole?ns at elevated temperatures 
in which such high polymerization rates and catalyst 
efficiencies are achieved that catalyst residues need not 
be removed from the resultant polymers because of 
their low concentration, non-corrosive properties and 
non-toxic nature. 
Another object of this invention is to provide an 

integrated process for the activation of an ole?n poly-. 
merization catalyst to the optimum extent for use by 
injection into‘ an ole?n polymerization zone maintained 
at a preselected temperature. ~ 

1 Other objects and advantages of the invention will be 
apparent from the description and examples which 
follow. 

I _ ‘SUMMARY OF THE INVENTION 

It has been discovered that the objects of this inven 
tion are attained by employing, as catalyst in a process 
for the polymerization of the ole?ns in hydrocarbon 
medium, a solution in inert hydrocarbon solvent of 
tetra(neophyl) zirconium or, preferably, a suspension 
of a metal oxide of a metal of Groups II(a), III(a), 
IV(a) or IV( b), preferably alumina, having chemically 
bonded onto its surfaces neophyl zirconium metallate 
prepared, prior to contacting with an ole?n monomer, 
by reacting a hydrocarbon solution of a tetra(neophyl) 
zirconium with a suspension in hydrocarbon medium of 
a surface hydrated metal oxide free from any merely 
absorbed H2O. Representative examples of suitable 
oxides are A1203, TiO2, SiO2, MgO, coprecipitated 
Al203.ZrO2 and coprecipitated SiO2.Al2O3, in each case 
having a surface area in the range of 10-500 mZ/g, as 
measured by N2 adsorption. Preferred and especially 
active metal oxide supports have been prepared from 
fumed aluminas, such as those sold by Degussa (“Al 
munia C”) and Cabot Corporation (“Alon G”). 

It has further been discovered that in order to obtain 
the most active catalyst of this invention, it is preferred 
to modify the crystalline form of the alumina and con 
trol the extent of hydration on its surfaces prior to 
reaction with tetra(neophyl) zirconium by activating 
the alumina by heat treatment under a ?ow of an inert 
anhydrous gas (e.g. N2) at a temperature in the range of 
900°‘ to 1100° C. for l to 10 hours followed by 
hydration to the extent of 3% to 5% by contract with an 
atmosphere containing water vapor followed by dehy 
dration by heating at 300° to 500° C. for 1 to 10 hours to 
provide an alumina containing 0.5% to 1.5% water as 
HO- groups on the surfaces of the alumina. The preferred 
catalyst, neophyl zirconium aluminate, bonded onto 
the surfaces of the alumina, is then prepared either by 
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4 
contacting a suspension of the hydrated alumina in 
anhydrous inert hydrocarbon medium with from 0.05 
to 0.6, preferably 0.15 to 0.35, millimoles of tetra( 
neophyl) zirconium, dissolved in any anhydrous inert 
hydrocarbon solvent, per gram of suspended Al2O3 at 
0° to 100 ° C until the reaction is complete. 

It has been found that the reaction product of tetra 
(neophyl) zirconium with a hydrated metal oxide tends 
to undergo spontaneous transformation, particularly at 
temperatures of 50° to 100° C. and above, to thermally 
stable, lower valence states. in which the zirconium is 
present at'least in part at a valence .of three. However, 
such prior, reduction is not necessary. if the catalyst is to 
be employed in polymerization processes conducted at 
temperatures above I 00° C. . 
The polymerization of ole?ns with the catalysts of 

this invention can be conducted at temperatures in the 
range of 10°. to 300° C. at pressures varying, with tem 
perature, from atmospheric to. 1000 atmospheres of 
above, the pressure beingselected high enough to keep 
the monomers in solution. For ethylene polymerization 
of a slurry type, temperatures ‘inthe range of l0° to 
110° C. are suitable. For the solutionlpolymerization of 
ethylene, which is preferred, temperatures can range 
from 125° C-‘tO 300 ° C. but preferred temperatures are 
in the range of 130° to 270° C. Any inert hydrocarbon 
can be employed asa polymerization medium. Suitable 
classes include n-alkanes, cycloalkanes and aromatic 
hydrocarbons, representative examples being propane, 
n-hexane, cyclohexane, -n-heptane, and toluene. Hy 
drogen can be added to the polymerization zone to 
control and limit the molecular weight of the polyolefin 
produced. I 

DESCRIPTION OF THE ‘DRAWINGS 
FIG. I is a schematic drawingof the continuous pro 

cess of this invention in which a solution of the tetra 
(neophyl) zirconium from feed tank, 6, and of the 
slurry of alumina in inert hydrocarbon from feed tank, 
7, are passed, through mixing valve, 15, to premix ves 
sel, l, agitated by mixer, 12. After a preselected hold 
up time in the premix vessel, the slurry is passed to 
reaction vessel, ,2, where the slurry is heated to com~ 
plete the reaction while being‘stirried by mixer, 13. 
After a preselected hold-up time in the reaction vessel, 
the slurry of neophyl zirconium aluminate supported 
on alumina is passed out through valve 16 to a polymer 
ization vessel, 3,‘which is thoroughlylmixed by mixer, 
14, to provide a- uniform, constant-environment. Ethyl 
ene, or other ole?n feed, from reservoir, 9, is passed 
through mixing valve 17, where it is admixed with recy 
clingpolymerization medium frompolymer separator, 
5, and then fed‘ into polymerizer, 3. After a preselected 
hold-up time in the polymerization ves°sel,the reaction 
mixture is passed through mixing valve, 19, .where cata 
lyst deactivator from reservoir,-l0, isadded and the 
mixture passedthrough a‘ tubular, turbulent mixer, 4, 
and, through pressure let-down valve, 20, to the poly 
mer separator, 5. From the, separator, polymer stream 
is passed to polymer'recovery system, '11, while the 
liquid polymerization medium is-passed back as recycle 
to the polymerizer, 3.‘ ‘ - . 

The catalyst deactivator from reservoir 10 can be an 
alcohol, steam, CO21or other polar composition reac 
tive with the transition metal catalyst-The traces of 
deactivated catalyst are removed from the polymer 
separator incorporated with the polymer from which 
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they need not be removed because of the low level and vessel should be maintained in the range of 0° to 70° C. 
inert nature of this innocuous catalyst residue. Maintenance of dry, oxygen-free conditions during the 
FIG. Il-A. shows the nuclear magnetic resonance addition and reaction is essential. An ethyl ether-tol 

spectrum (60MC) of tetra(neophyl) zirconium. On uene mixed solvent is suitable as the medium. The 
FlG. ll-A, the absorption peak due to the methylene 5 resultant tetra(neophyl) zirconium is soluble in hydro 
protons is indicated at (I) that due to the methyl pro‘ carbon solvents or ether-hydrocarbon mixed solvents, 
tons at (2), and that due to protons on the aromatic and the solution is readily separated from the precipi 
ring at (3 )', these protons can be identified by reference tated MgCl2 by decantation or ?ltration. Pure crystal 
to the chemical formula: . ' line tetra(neophyl) zirconium can be recovered by 

‘ 10 evaporation of the solvent followed by recrystallization 
from a hydrocarbon solvent such as toluene by warm 

(*3{) (a) - ing, cooling and ?ltration. The resultant puri?ed crys 
(2) _ - tals are cream to light tan in color and melt at 67°~68° 

C": ’ C. (hot stage) or 69° C. (DSC method). The crystalline 
' 15m hl"'hallbldb _Zr CHZ_C H (3) e ra(neop y )zlrcomum 1st erm ysta e an can e 

(1) l _ stored without decomposition at 25° C. for many hours 
3;“ or at —35° C. for many weeks. Thermolysis studies 

H showned that very little decomposition, as measured by 
(3) (3) weight loss, occurred when tetra(neophyl) zirconium 

4 

20 was heated at 10° C./min. until after temperatures 
. _ above 100° C. were reached. This thermal stability was 

In FIG- "'3 Fhere _15 Show" for comparlson the NMR unexpected in view of the known instability of many 
specntum Qbtamed 1“. the Same manner’ of tetra(ben' other tetra(hydrocarbyl)‘zirconium compounds such as 
zyl) Zlrcomum: , ' tetra(alkyl) zirconiums. Thermal decomposition of 

25 tetra(neophyl) zirconium at temperatures above 100° 
C. yields primarily t-butyl benzene and a dark residue 
readily oxidized to a white zirconium oxide by air. 
The unique structure of tetra(neophyl) zirconium is 

also revealed by its nuclear magnetic resonance spec 
H (3) 30 trum (NMR) FIG. II-A, which shows methylene pro 

tons at 8.93 1', methyl protons at 8.76 r and phenyl 
portons at 2.7 7. Since the NMR spectrum of tetra( 
neophyl) zirconium shows no broadening of the peak 
due to the phenyl protons, it appears that no interac 

35 tion between the rr-electrons of the benzene ring and 
the d-orbitals of zirconium occurs in this compound 
distinguishing it from the rr-allyl and benzyl zirconium 
compounds of the prior art which show such interac 
tion (see FIG. 11-8). The absence of such interaction 

40 changes the chemical reactivity of the zirconium 
hydrocarbon bond. Also, the greater stability of tetra( 
neophyl) zirconium, compared to many other tetra( hy 

DESCRIPTION OF PREFERRED EMBODIMENTS drocarbyl) zirconium compounds (e.g. tetra(alkyl) 
zirconium) must be associated with the absence of a 

5 hydrogen atom on the carbon beta to the metal; this 
reduces the tendency for decomposition via B-hydride 
transfer an ole?n elimination. 
Rather surprisingly, tetra(neophyl) zirconium alone 

has been found to be an effective catalyst for the poly 
0 merization of ethylene and other a-ole?ns to yield high 

molecular weight, solid, linear polyole?ns. While not 
wishing to be bound by any particular theory of the 

4 

on FIG. "-8 the absorption due to the methylene pro 
tons is again shown at (I); there are, of course, no 
methyl protons, but two bands for the protons on the 
aromatic ring are seen at (2) and (3) corresponding to 
protons at positions indicated by (2) and (3) on the 
above formula. 

Tetra(neophyl) zirconium, otherwise identi?ed as 
tetra kis( 2-methyl, -2-phenylpropyl) zirconium, can be 
prepared by the reaction of a zirconium tetrahalide, 
preferably ZrCl4, with an organometallic compound of 
a metal of Groups ‘I, II, or III of the Periodic Table of 
the Elements according to Bohr (see T. Moeller, “Inor 
ganic Chemistry,” p.‘ 122) in which the organic radicals 
attached to the metal are neophyl radicals. A conve 
nient method of preparation is the reaction of an ethe 
real solution of the neophyl Grignard reagent with 
ZrCl‘ according to the following reaction: of the tetra(neophyl) zirconium with a polymerizable 

ole?n under polymerization conditions, a metathesis 

icn, ca, 4 

The reaction of the Grignard reagent with the ZrCl4 occurs whereby one or more neophyl radicals are re 
is most conveniently carried out in an anhydrous liquid 65 placed by the aliphatic radicals corresponding to the 
medium by adding powdered ZrCl4 as a solid or slurry ole?n to be polymerized, and, thereupon, there occurs 
in an inert anhydrous liquid to a solution of the neophyl a partial decomposition due to the known instability of 
Grignard reagent. The temperature in the reaction Zr-aliphatic bonds so that the zirconium is then re 

mechanism, it is believed probable that, upon contact‘ 
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duced in valence to the lower-valence forms (Zrll and 
ZrIII) known to be active as coordination catalysts in 
the polymerization of ole?ns. 
Even more active catalysts for the polymerization of 

olefms are obtained by reacting tetra(neophyl) zirco 
nium with a hydrated metal oxide of the classes previ 
ously de?ned. In the course of this reaction, particu 
larly as the temperature of the reactants is raised, the 
zirconium-metal oxide reaction product undergoes 
partial decomposition to provide neophyl zirconium in 
the active, lower valence states, chemically bonded to 
the surfaces of the metal oxide which can then be dis 
persed in an inert hydrocarbon and passed to a poly 
merization zone where the catalyst contacts the ole?n 
monomer and converts it to a high molecular weight, 
solid, linear polyole?n. If desired, these supported zir 
conium neophyl metal oxide catalysts can also be used 
as ?uidized beds to polymerize gaseous olefms to high 
molecular weight polyole?ns. 
The preferred catalyst, in a process for the polymeri 

zation of ethylene and/or other l-ole?ns, is, however, 
meophyl zirconium aluminate supported on and 
bonded to fumed alumina having a surface area in the 
range of 10 to 500 mz/g, as measured by N2 adsorption. 
Prior to injection of the catalyst suspended in an inert 
hydrocarbon solvent, into the polymerization zone, the 
zirconium may have a reduced valency and be at least 
in part in the Zr( III) valence state although some Zr(II) 
and Zr(IV) may also be present. 
The polymerization process is carried out in an inert, 

substantially anhydrous hydrocarbon medium. The 
temperature employed may range from about 20° C. to 
300° C., depending on the monomer or monomers to 
he polymerized and upon whether a slurry or a solution 
polymerization process is to be used. In the case of the 
polymerization of ethylene, either homopolymerization 
or copolymerization with other ole?ns, the preferred 
temperature is in the range of l30°—270° C. where a 
single phase, solution polymerization process occurs at 
maximum rates and high ef?ciency (yield of polymer 
per unit of zirconium catalyst). Propylene is preferably 
polymerized at lower temperatures in the range of 50° 
to 150° C. although higher temperatures can be em 
ployed. 
The pressure employed is not critical so long as it is 

sufficient, at the temperature chosen, to prevent boil 
ing of the hydrocarbon solvent and maintain the mono 
mers employed in solution in the solvent. Thus the 
pressure may range from atmospheric to 1,000 atm. 
and above at the highest temperatures of operation of 
the process. 
The process employed for the preparation of the 

catalyst is a critical aspect of the invention. In order to 
achieve optimum activity it is preferred that an alumina 
having a surface area of 10 to 500 mz/g, free from 
absorbed water but containing hydroxyl groups gener 
ally randomly distributed on its surfaces be employed. 
Preferably this alumina support is most readily pro 
duced by activation of fumed alumina (a product ob 
tained by burning aluminum chloride in the presence of 
water vapor) by heating in a stream of dry N2 at tem 
peratures in the range of 900°-l l00° C. for a period in 
the range of l to 10 hours. This treatment not only 
removes water and residual chloride from the fumed 
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8 
alumina but alters the morphology of the crystalline 

' alumina from‘ predominantly gamma-alumina to a par 
ticular mixture of the gamma-, delta-,ltheta-,-a_nd alpha 
forms. The resultant mixture of crystalline: forms is 
essential for obtaining, in the subsequent reactions with 
tetra(neophyl) zirconium, the unique chemical compo 
sition of the zirconium neophyl aluminate necessary to 
produce the optimum catalyst which exhibits the unex 
pected and surprising activity and ef?ciency character 
istic of the preferred polymerization process of this 
invention. 
The fumed alumina, activated as described above, is 

then subjected to partial hydration by contact with an 
atmosphere comprising some water vapor until a minor ' _ 

proportion of water has reacted with the alumina sur 
face, conveniently about 3% to 5% by weight water of 
hydration. This rehydrated alumina may then be par 
tially dehydrated by heating at a temperature in the 
range of 300° to 500° C. for from 1 to 10 hours, the 
time requred being in the lower portion of the range at 
the higher temperatures in the range of temperatures. 
The final product contains from 0.5% to l.5% by weight 
water as HO groups distributed on the surfaces of the 
alumina. This second heat treatment not only assures 
that no merely absorbed molecular H2O remains on the 
surfaces of the alumina but alsoeliminates any large 
clusters of l-lO-groups on the surfaces leaving randomly 
distributed on the Al2O3 surfaces pairs and relatively 
isolated HO-groups as reactions sites. The high temper 
ature activation removes essentially all H20 and H0 
groups from the alumina, decreases the amount of 
residual chloride from an initial 0.7% to 0.2% by weight 
and, very importantly, converts a portion of the original 
gamma crystalline A1203 to the more active delta and 
theta forms. Pa'rtial rehydration with water vapor in a 
moist atmosphere replaces hydroxyl groups on the 
A1203 surfaces. 
The ?nal drying at about 400° C. reduces the concen~ 

tration of l-IO-groups on the surfaces of the A1203 to an 
optimum value in the range of 0.5 to 1.5% by weight 
water, thus providing isolated single and pairs of HO— 
groups on the alumina surfaces,making these surfaces 
most suitable for reaction with tetra(neophyl) zirco 
nium in solution. 
The preferred catalyst is next prepared by mixing - 

together a suspension of the activated, hhydroxylated 
alumina in anhydrous mineral oil with a solution in 
hydrocarbon solvent of tetra(neophyl) zirconium. In 
general, the proportion of tetra(neophyl) zirconium 
emp/loued is at least 0.05 millimoles per gram of A1203, 
preferably 0.15 to 0.35 millimoles per gram A1203, or _ 
other metal oxide. Larger proportions are operably but 
provide no advantage since they provide no enhance 
ment of catalyst activity. - 
The reaction between tetra(neophyl) zirconium and 

hydroxylated alumina can be conducted at tempera 
tures in the range of 0°~ to 100°C, depending on the 
time allowed. Upon mixing the suspension of alumina 
with the solution of tetra(neophyl) zirconium, a reac 
tion occurs between the l-IO-groups on the surfaces 
whereby Zr-O-Al chemical bonds are formed with the 
elimination of approximately 2.5 of the 4 hydrocabyl 
radicals originally bonded to‘the zirconium. The reac 
tion may be approximately described by the equations 
(A) and (B): ' », ' Y 
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There then follows upon aging, particularly at 50° C. 
and above, a partial decomposition to form the active ' 
catalyst in which zirconium is at least in part in lower 
valence states. This is shown by (C): 

O O 

O 
I I 

larly be reduced to Zr(ll) at active polymerization sites, 
particularly in the presence of ole?n monomers. 

In the ethylene polymerization process of this inven 
tion when conducted in contrinuous manner in a stirred 

The neophyl radicals eliminated may either be con 
verted to t-butyl benzene by picking up a proton from 
the solvent, or may couple. Some zirconium may simi 

autoclave, the yields obtained have been in excess of ' 
10,000 parts of polyethylene per part of zirconium 
when using the preferred neophyl zirconium aluminate 



. ,1 1 
bonded onto alumina catalyst. inherently, batch pro 
cesses are less ef?cient but yields in the range of 
700-1000 g. polyethylene per millimole od zirconium 
pwe hour are readily obtainable as compared with only 
50 to 100 g. polyethylene per millimole Zr obtained in 
a process of the prior art where there is used as catalyst 
the reaction product of tetra(benzyl) zirconium with 
hydrated A1203. 

In the peferred continuous process, the catalyst sus 
pension and the ethylene dissolved in an aliphatic or 
cycloaliphatic hydrocarbon are each fed continuously 
to the stirred polymerization zone, the molar ratio of 
ethylene fed to zirconium being maintained in the 
range of 35,000—400,000 to one. " 

The polyole?ns obtained by the process of this inverlr, 
tion are linear, head-to-tail polymers of high molecular 
weight. In the case of ethylene homopolymerizations, 
the resultant linear polyethylene has a crystalline melt 
ing point in the range of l33°—l38° C., an annealed 
density in the range of 0.96 to 0.97 g./cm3. If desired, 
ethylene polymers of lower density (0.90-0.96 g/cm") 
can be obtained by copolymerization of ethylene with 
minor proportions (0.1 to 15 mole%) of higher a-ole 
?ns (preferably C4 to C10) to provide copolymers con 
taining 0.1 to 12 weight % copolymerized higher ole?n. 
using the process and catalyst of this invention. Such 
copolymers contain randomly-distributed side chains 
of controlled length which impede somewhat the devel 
opment of crystallinity in the solid polymers which are, 
as a result, polymers of increased troughness and stress 
crack resistance. As is well know, all of the ethylene 
polymers ?nd commercial use as self-supporting ?lms, 
wire~coatings, pipe, and molded articles of commerce. 
If desired, they can be ?lled with glass or other stiff 
?bers, clays and the like to produce hard, stiff mold 
mgs. 
The homopolymerization of propylene using the cat 

alysts of this invention in the process of thisinvention 
can be directed, by control of process conditions, to 
yield highly stereoregular, head-to-tail crystalline poly-' 
propylene of high molecular weight insoluble in hydro 
carbons at ambient temperatures and sparingly soluble 
even at temperatures above 100° C. and having a crysl 
talline melting point in the range of l62°—l70° C., as 
determined by either differential thermal analysis or 
hot-stage microscope using polarized light, as wellas 
.high molecular weight, linear, head-to-tail polypropyl 
ene polypropylene is amorphous, due to.atactic.s_teric 
structure, and soluble in hydrocarbons even at room 
temperature. The crystalline polypropylene has come 
to be termed, following the suggestion of GiulioiNatta, 

_ polypropylene exhibiting “isotactic” structure due to 
the presence of long segments in the macromolecules 
in which the groups attached to successiveasymmetric 
carbon atoms along the chains have. the same configu~‘ 

- ration. As is well know, crystalline polypropylene ?nds 
many commercial uses, particularly as textile fibers, in 
both woven and non-woven textiles and as‘?lms, strap 
pings, coatings and molded articles of commerce. 
Amorphous polypropylene is useful in blends with crys; 

adhe-. talline polyole?ns to provide toughness, and in 
sive compositions and rubbers. ~. 
' The catalysts and processes of this invention can‘be <‘ 
used to produce amorphous ethylene/propylene rub-13> ' 
bers where from about 30% to about 72% by weight 
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12 
under constant environment conditions, of ethylene 
and propylene. Due to the higher reactivity of ethylene 
in the polymerization reaction, a higher proportion of 
propylene should be used in the monomer feed fed to 
the polymerization zone than it is desired to incorpo 
rate in .,the copolymer macromolecules. If desired to 
provide 'readyisites for subsequent traditional chemical 
vulcanizations1(cross-linking), minor proportions of 
unconjugated dienes (e.g. l,4-hexadiene, 2-methyl-l ,5 
hexadiene, etc. ) may be included in the copolymers by 
including minor proportions of these diene monomers 
in the mixture of monomers fed to the polymerization 
zone in the process. Rubbers can also be obtained by 
_'-the homopolymerization of conjugated diole?ns such 
as butadiené or isoprene using the catalysts and process ' 
[of this invention. _,The properties and utilities of these 
synthetic rubbers are well known in the rubber indus 
try. 
Because the process of this invention uses such an 

active and ef?cient catalyst system, the very low level 
of catalyst residues in the polyole?n products produce 
no adverse effects on the properties of these polymers. 
Therefore, the polymers are used as formed without the 
necessity of the expensive and complex catalyst re 
moval procedures customarily employed in connection 
with prior art commerical practice. 
The following examples are provided to illustrate the 

invention and to provide comparative examples closer 
to the more relevant prior art. However, the invention 
is not to be considered as limited to the particular ex~ 
amples provided but rather is of the scope hereinabove 
described and hereinafter claimed. 

' s ‘ EXAMPLEI 

Preparation of Tetra(Neophyl)Zirconium 
Magnesium tumings (48.6 g., 2.0 moles) were 

charged into a’i2-liter, 3necked glass?ask ?tted with a 
stirrer, Nziinlet, N2exit connected to a mineral oil bub 
bler, and 500 cc. dropping funnel. The ?ask was swept 
with N2 overnight to remove air and moisture. Then 
160 cc. of dry, deoxygenated diethyl ether was added. 
A crystal of iodine was added to activate the Mg sur 
face, and then 1l8 g. (0.7 moles) of neophyl chloride 
dissolved in.l60 cc. of dry toluene was added dropwise. 

reaction .mixture was continuously stirred and 
. maintainedzatf309-35° c. until all of the neophyl chlor 
"ide had been added. The reaction mixture turned 
‘brown during this period. After 1 hour a 5cc. aliquot of 
the supernatent solution was removed from the reac 
tion mixture, neutralized with 20 cc. of 0.1 M aqueous 
HCl and back-titrated to a pink phenolphthalein end 
point with 5 cc. of 0.2 M aqueous NaOH. The concen 
tration of the Grignard reagent was therefore fround to 
be 2 molar. ‘ 

‘I . The Grignard reagent was transferrd to a 2-liter ?ask 
swept witha stream of dry N2. The unreacted Mg was 

. washed with, 400 cc. of dry toluene and the washing 

60 

65 
(preferably about. 50%’ ‘by. weight) "of ethylene‘ and,'_ . 
correspondingly, 70%to 28% of .propylene 'a'reiico’m- ‘ 
bined in the .macromoleculesr'ibyi‘ copolymerization, 

added to the-Grignard solution. The Grignard solution 
(neophyl magnesium chloride) was cooled to —-l 0°C. 
and then 40 g. of 97% ZrCl.i (0.166 moles) was added 

- 'through a solids addition tube. The slurry was stirred 
_. fovrvl“ hour and warmed to 50° C., then transferred to an 

. inert'atmosphere box and ?ltered through a l-inch bed 
“of dried “Celite” (diatomaceous earth). The ?ltrate 
was concentrated by evaporation. Crystals of solid 

~ tetra( neophyl). zirconium formed upon cooling. The 
yieldfof’this product was about 70 g. The crystals were 
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puri?ed by recrystallization from n-hexue. The puri 
?ed tetra(neophyl) zirconium product was found to 
melt at .67—68° C. by observation on a Fisher-Johns 
hot-stage and 69° C. ‘by DSC melting point determina 
tion in N2, Elemental analysis of this product gave C = 
75.85%, H = 8.20%; thcoryfor tetra(neophyl) zirco 
nium, C = 76.99%, H = 8.40%.‘ i _ 

‘ 'EXAMPLE'Z. 

Preparation of a Neophyl Zirconium Aluminate on 
' Alumina Catalyst 

a. Activation of Alumina _ 
111.2 g. of a commercial grade'of fumed alumina 

having a surface area of 100 mz/g was charged to a 
vertical quartz reactor and dried at l000° C. in a stream 
of ?owing N2 for 6 hours. The dry A1203 was partially 
rehydrated by contact with a 50% relative humidity 
atmosphere at 73° F. for 16 hours and then redried to 
optimum HO-group content by heating at 400° C. for 4 
hours in a stream of ?owing N2. ’ 
The resultant activated alumina was suspended under 

a N2 atmosphere in 1900 cc. of mineral oil containing 
100 cc. of petroleum jelly and stored under N, until 
used. A sample of the slurry was ashed and found to 
contain 0.048 g. alumina per cubic centimeter. 
b. Catalyst Preparation 
Ten cubic centimeters of a solution containing 0.074 

g. of the ‘tetra(neophyl) zirconium of ‘Example 1 dis 
solved in decahydronaphthalene (“Decalin”) was 
added to 10cc. of ‘the suspension of alumina in mineral 
oil with continuous stirring and this mixture was al 
lowed to react at 25° C. for 21 hours to provide a sus 
pension of neophyl zirconium aluminate bonded onto 
alumina in mineral oil which was subsequently used to 
polymerize ethylene; The zirconium in this product was 
in a reduced state. ‘ ’ 

EXAMPLE 3.‘ 

Polymerizatin of Ethylene at 150° C. Using Neophyl 
Zirconium Aluminate on Alumina as Catalyst 

A 350 cc. crown-capped bottle was charged with 340 
cc. of dry, deoxygenated decahydronaphthalene sol 
vent, heated to 150° C. and the solvent saturated with 
ethylene charged at 40 psi. 3.0 cc. of the suspension of 
neophyl zirconium aluminate bonded onto alumina in 
mineral oil prepared in Example 2 was then‘ charged 
into the solution of ethylene. After 3 mintues, the poly 
merization was terminated by the addition of 2 cc. of 
isopropanol which reacts to destroy the activity of the 
catalyst. The reaction mixture was cooled which 
caused the polyethylene to precipitate. The solid poly 
ethylene was isolated by ?ltration, washed with cyclo 
hexane and methanol and dried in a vacuum oven at 
80° C. for 16 hours. The yield of solid, dry polyethylene 
was 0.7 g. Based on this yield, the rate of polymeriza 
tion was calculated to have been 780 g/millimole Zr/hr. 
The solid, linear polyethylene was white and had a 
crystalline melting point of 133° C., as determined by 
DSC technique, and was of high molecular weight. 

EXAMPLE ,4. 

Polymerization of Ethylene at 80° C. Using Neophyl 
Zirconium Aluminate on Alumina as Catalyst ' 

A 350 cc. crown-capped Pyrex bottle containing 200 
cc. of dry, deoxygenated toluene maintained at 80° C. 
was saturated with ethylene at 40 psi. ‘There was then 
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14 
charged into this solution of ethylene 3.0 cc. of the 
suspension in mineral oil of neophyl zirconium alumi~ 
nate on alumina, prepared in Example 2. Polymeriza 
tion commenced at once as shown by precipitation of 
polymer. Additional ethylene was charged into the 
reactor to maintain the pressure at 40 psi. After 1 hour 
at 80° C., the polymerization was terminated by the 
addition of 2 cc. of isopropanol, and the granular poly 
ethylene was recovered by ?ltration and dried in a 
vacuum oven at 80° C. for 16 hours. The weight of dry, 
solid linear polyethylene recovered was 1.3 g. The 
polyethylene had a crystalline melting point of 135° C. 
as determined by DSC techniques and was of high 
molecular weight. 

EXAMPLE 5. 

Polymerization of Ethylene at 80° C. Using 
Tetra(neophyl)Zirconium as Catalyst 

A 350 cc. crown-capped bottle was charged with 200 
cc. of dry, deoxygenated toluene and saturated at 80° 
C. with ethylene. A 0.1 M solution in benzene of the 
tetra(neophyl) zirconium of Example 1 as prepared, 
and 1 cc. of this solution was charged into the toluene 
solution of ethylene. Polymerization commenced im 
mediately as shown by the precipitation of polymer. 
Additional ethylene was charged to maintain the pres 
sure at 40 psi. After 1 hour at 80° C., polymerization 
was terminated by addition of 2 cc. of isopropanol. The 
solid polyethylene was isolated by ?ltration and dried 
in a vacuum oven for 16 hours at 80° C. The weight of 
the recovered, dry, solid white polyethylene was 0.934 
g. The polyethylene had a crystalline melting point of 
135 .8° C., as determined by DSC measurement. Based 
on the yield of polymer, the rate of polymerization was 
calculated to have been 9.34 g/millimole Zr/hr. The 
polyethylene was of high molecular weight. 

EXAMPLE 6. 

Comparative Activity of Neophyl Zirconium 
Aluminate and Benzyl Zirconium Aluminate on 
Alumina as Catalysts for the Polymerization of 

Ethylene in a Continuous Process 

a. Polymerization of ethylene using neophyl zirconium 
aluminate on alumina as catalyst 
A 0.000625 M solution in n-hexane of the tetra( 

neophyl) zirconium of Example 1 was prepared. A 
suspension of an active supported catalyst comprising 
neophyl zirconium aluminate on alumina was continu 
ously prepared by feeding the 0.000625 M solution of 
tetra(neophyl) zirconium at a rate of 200 cc./hr. and a 
suspension of activated alumina, prepared as in Exam 
ple 2(a), at a rate of 0.5 g. Al2O3/hr. into a stainless 
steel, stirred autoclave of 975 cc. capacity where it was 
diluted with 1400 cc. of hexane maintained.at'50° C. 
After a hold-up time of approximately 40 minutes, to 
allow for the reactions between tetra(neophyl) zirco 
nium and the activated alumina to produce neophyl 
zirconium aluminate, the catalyst suspension was con 
tinuously fed to a 265 cc. stainless steel autoclave, at 
the same‘ rate, and there diluted with 800 cc./hr. of 
n-hexane. After a hold-up of 6 minutes in the autoclave 
the diluted catalyst suspension then was continuously 
fed to a 253 cc. stainless steel, agitated polymerization 
vessel maintained at 2250 psi and 250° C. where it was 
contacted with ethylene fed, as a 7% weight solution in 
n-hexane, at 200 g. ethylene/hr. The concentration of 
the catalyst in the reactor with respect to zirconium 
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was 2.0 X 10-5 molar. In order to control and limit 
molecular weight of the polyethylene, 112 was also fed 
to the polymerization vessel at a rate of 100 mil 
limoles/hr. as a 0.0825 M solution in n-hexane. The 
hold-up time in the polymerization vessel was main 
tained at approximately 2.56 minutes by continuously 
withdrawing the polymerization mixture to a deactiva 
tion chamber where the catalyst was deactivated to 
terminate the polymerization by addition of a 0.0033 M 
solution of isopropanol in n-hexane at a rate of 600 
cc./hr. to thereaction mixture containing dissolved 
polyethylene. ‘ 

The solution of polyethylene was continuously dis 
charged through an automatic, controlled pressure 
reducing valve into a product receiver maintained at 
50° C. where the solid polyethylene was recovered 
from the polymerization medium by ?ltration, and the 
polyethylene, wet with n-hexane, was chopped in a 
blender, washed with n-hexane and dried in a vacuum 
oven at 80° C. for 16 hours. 
The rate of polyethylene production during steady 

state operation over a period of several hours was 177 
g./hr. (88.5% conversion of the ethylene fed to the 
polymerizer). The yield of polyethylene was 1415 
kg/mole of zirconium. The dried polyethylene had a 
melt flow, as determined by ASTM Method 123 >8-65T, 
Condition E, of 2.8 decigrams/min. The density of the 
polyethylene produced, as determined by ASTM 
D792-64T (method corrected to 23° C.) was found to 
be 0.960 g/cc. Thus the polyethylene produced was a 
highly linear, crystalline polyethylene of high molecu 
lar weight suitable for use in production of ?lms and 
injection-molded articles. 

b. Polymerization of ethylene using benzyl zirconium 
aluminate as a catalyst 
The foregoing experiment (Example 6a ) was re 

peated using as a catalyst the reaction production of 
the activated alumina and tetra(benzyl) zirconium ex 
cept that the concentration of zirconium catalyst was 
increased slightly to 2.14 X 10‘5 molar in the polymeri 
zation autoclave. In this instance the rate of polyethy 
lene formation was 167 g./hr. (83.8% conversion of the 
ethylene fed). 
An analysis of the reactions based on the change in 

activity (a) as shown by ' 

where 
'r = hold-up'time in the polymerizer 
q = ethylene conversion reveals a ‘s of 3.029 min"1 

for the neophyl zirconium aluminate catalyst vs. only 
2.017 min"1 for the benzyl zirconium aluminate cata 
lyst. Thus even though the concentration of neophyl 
zirconium aluminate catalyst in the polymerizer was 
less (2.0 X 10'5 molar) than benzyl zirconium alumi 
nate catalyst (2.14 X 10-5 molar) the activity of the 
neophyl zirconium aluminate was 1.5 times that of 
benzyl zirconium aluminate. 

EXAMPLE 7. 

Polymerization of Propylene Using Neophyl Zirconium 
Aluminate on Alumina As Catalyst 

Into a l-liter, stirred, nitrogen-?lled autoclave was 
charged 600 ml of cyclohexane puri?ed by purging 
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with nitrogen followed by passing it through a bed of 
acid alumina under nitrogen. As the autoclave was kept 
blanketed with nitrogen 0.2 millimoles of neophyl zir 
conium aluminate supported on 1 gram of fumed alu 
mina, prepared as in'Example 2, was injected by sy 
ringe as a slurry in 20 ml._of cyclohexane. Propylene 
was pressured in to 20 psi as the system was stirred at 
500 rpm. The temperature and propylene pressure was 
raised to 50°/60 psi and maintained at this for 4 hours. 
The 10 grams of polypropylene obtained was in the 
form of a gel, which was evaporated to give a tough, 
?exible sheet. The inherent viscosity of this polymer 
was 12.5 dl/ 100 as measured at 0.1% concentration in 
decalin at 130°C. Thirty-five percent of the polymer 
was insoluble in boiling heptane. The insoluble poly~ ' 
propylene was highly crystalline and exhibited the iso 
tactic structure. A very tough, rubbery ?lm 5 mils thick 
was obtained by compression molding 0.5 g. of the total 
polymer at 230° C., 3000 lbs. ram pressure. 

Example 8 

Polymerization of Ethylene with a Neophyl Zirconium 
Silicate on Silica Catalyst 

20 g. of a commercially available fumed silica having 
a surface area of 225 mz/g was charged to a vertical 
glass reactor and dried at 200° C. in a stream of ?owing 
nitrogen for 4 hours. One gram of. the dried silica was 
suspended in 38.5 cubic centimeters of decahydro 
naphthalene and 1.5 cc of 0.2M tetra(neophyl zirco 
nium in benzene was added. After 40 minutes the 
supematent liquid above the catalyst was analyzed by 
gas chromatography. A material balance showed ap 
proximately 2.1 neophyl groups were displaced from 
each mole of tetra(neophyl)‘ zirconium during forma 
tion of the neophyl zirconium silicate on silica catalyst. 
The polymerization of ethylene was brought about by 

charging a'crown capped bottle containing 340 cc of 
decahydronaphthalene saturated with ethylene at 150° 
C and 40 psi with 4 cubic centimeters‘ of the neophyl > 
zirconium silicate on silica catalyst (0.1 g silica, 0.03 
millimole Zr). After 3 minutes the polymerization was 
stopped by addition of 2 cubic cnetimeters of isopropa 
nol. The solution was cooled and the precipitated poly 
mer separated by filtration, washed with cyclohexane 
and methanol, and dried in a vacuum oven for 16 hrs. 
at 80° C. The product recovered, including catalyst 
residue, weighed 0.345 g which is equivalent to 0.245 g 
of polyethylene. Based on this yield the rate of poly- ' 
merization was calculated to have been 163 g/millimole 
Zr/hr as contrasted with the 780 g/millimole Zr/hr 
achieved in Example 3 by use of the preferred catalyst 
of this invention. 

EXAMPLE 9 

copolymerization of Ethylene and Propylene with a 
Neophyl Zirconium Aluminate on Alumina Catalyst to 

form a Crystalline Copolymer 

80 cubic centimeters of deoxygenated hexane in an 
agitated vessel was saturated at 25° C. with propylene‘ at 
20 psi. The pressure was raised to 40 psi with ethylene 
and the copolymerization brought about by 'the addi 
tion of 10 cubic centimeters of a neophyl, zirconium 
aluminate catalyst slurry prepared by reaction of 10 g 
of alumina activated as in Example 1 and 2.0'millimoles - 
of tetra(neophyl) zirconium in 210 cubic centimeters 

‘ of deoxygenated hexane. After '20 minutes at 25° C the 
polymerization was stopped by venting the unreacted 
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ole?ns. The polymer was separated by ?ltration washed 
with methanol and dried at 80° C. for 16 hrs. The prod 
uct recovered weighed 6.44 g. This copolymer had a 
crystalline melting point of 122.5°‘ C, by DSC tech 
niques and was found to contain 10.1 weight % copoly 
merized propylene by infrared analysis. ' v 

' EXAMPLE 10 _ , 

Copolymerization of Ethylene and Propylene With a 
Neophyl Zirconium Aluminate on. Alumina Catalyst to‘ 

Produce an Amorphous Cop'olymer 
2 grams of alumina activated as in Example 1 was 

suspended in ‘40 cubic centimeters of» hexane and‘l2 
cubic centimeters of a 0.2 molar solution of tetra(neop 
hyl) zirconium in benzene added. After- 1 hr.ja portion 
of the slurry wastransferred to a vial and the hexane 
evaporated under vacuum leaving 1.06 g of catalyst. 
The vial was sealed and placed in a staniless steel reac 
tor with two stainless steel balls. The‘reactor was sealed 
and charged with 50 g of propylene, warmed to 25°C. 
and ethylene added until the pressure in the reactor 
reached 500 psi. The catalyst ampoule was broken vand 
the polymerization allowed to proceed for 1 hr. The 
amorphous copolymer, isolated as a rubbery ball, was 
separated from the glass and dried to yield 29“ g. of 
copolymer having a copolymerizedpropylene content 
of 28.3 weight percent, as determined'by infrared anal 
ysis. 

‘EXAMPLE l l 1 

Polymerization of 1,3-Butadiene witha Neophyl 
Zirconium Aluminate on Alumina Catalyst ' 

A 1 liter agitated ?ask swept with nitrogen was 
charged with 500 cubic centimeters vof deoxygenated 
toluene, heated to 50° C. and saturated with l ,3-butadi 
ene at 2 psi. . _ . 

Neophyl zirconium aluminate on alumina catalyst in 
hexane, equivalent to 0.38 g. of catalyst (0.076 milli 
moles Zr), was added and the polymerization contin 
ued for 1 hr. The product which formed was separated 
by filtration, chopped in a blender and dried .in a vac 
uum oven at 80° C. for 16 hrs. The dried product 
weighted 1.13 g. which is equivalent to 0.75 g. of poly 
butadiene. Based on this yield the rate :of polymeriza 
tion was calculated to be 9.9 g./inillirnoles Zr/hr. lnfra 
red analysis showed the structure of the polymer to be 
of the l,4-trans—type. " ‘ 

EXAMPLE l2 
Polymerization of Propylene With a Neophyl 
Zirconium Aluminate on Alumina Catalyst 

1 gram of alumina activated as in Exampleil was 
suspended in 40 cubic centimeters of dry hexane in a 
stirred ?ask under nitrogen. 5 cubic centimeters‘ of 0.1 
molar tetra(neophyl) zirconium was charge to the 
?ask. After 16 hrs. the neophyl zirconium aluminate 
catalyst was transferred to an ampoule and the hexane 
evaporated under high vacuum. The ampoule was 
sealed and placed in a stainless steel reactor with two 
stainless steel balls. The reactor was swept with nitro 
gen to exclude all air, sealed, evacuated, cooled and 75 
g of propylene charged. The reactor was warmed to 50° 
C. and the ampoule broken by shaking the reactor. 
After 1 hour the polymer was isolated, separated from 
the glass and dried to yield 26 g. of polypropylene 
having a melting point of 158° C. and a crystallization 
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point of 110° C. by DSC. The polypropylene had an 
inherent viscosity in decahydronaphthalene at 130° C. 
(0.1% solution) of 9.64. Extraction of the polypropyl 
ene with boiling hexane for 4 hrs. removed 3% of the 
polymer indicating the remainder to be substantially 
high molecular weight polypropylene of isotactic struc 
ture. The hexane insoluble fraction was further ‘ex 
‘tracted with boiling toluene. The swollen toluene insol 
uble residue, after drying, had a melting point of 162.5" 
C. by D.S.C., and amounted to 90% of the original 
crude product. The insolubiltity in toluene‘ at the boil 
ing point indicates that this crystalline polypropylene 
comprises macromolecules having substantially com 
pletely the isotactic structure. ‘ 

EXAMPLE 13 

Terpolymerization of Ethylene, Propylene and 
1,4-Hexadiene with Neophyl Zirconium Aluminate on 

Alumina Catalyst 

4 Grams of alumina activated as in Example 1 was 
suspended in 80 cubic centimeters of hexane and re 
acted with 12 cubic centimeters of a 0.1 molarsolution 
'of tetra(neophyl) zirconium in benzene. A portion of 
the slurry was transferred to a glass ampoule and the 
liquid evaporated and the catalyst dried under high 
‘vacuum. The dry catalyst in the ampoule weighed 
1.277 g. The ampoule was placed-in a stainless steel 
reactor with 2 stainless steel balls. The reactor was 
‘closed and charged with 50 cubic centimeters of 1,4 
hexadiene and 50 cubic centimeters of n-hexane. The 
reactor was cooled, charged with 50 grams of propyl 
ene, wanned to 100° C. and pressured to 800 psi with 
ethylene. The catalyst ampoule was broken and the 
terpolymerization allowed to proceed for 1 hour. The 
polymer isolated as a crumb was separated from glass 
and dried to yield 9 g of terpolymer. A melt pressed 
?lm of the terpolymer was analyzed by infrared analysis 
and found to contain 5.5 methyl groups/100 carbons 
and 8.3 trans-ole?n groups/2000 carbons which is 
equivalent to 15.6% propylene and 2.43% hexadiene 
by weight. 

EXAMPLE l4 

Terpolymerization of Ethylene, Propylene and 
5~Ethylidene Norbornene with Neophyl Zirconium 

Aluminate on Alumina Catalyst 

0.7353 Gram of dry neophyl zirconium aluminate on 
alumina catalyst prepared as in Example 13 was sealed 
in a glass ampouleQThe catalyst ampoule was placed in 
a stainless steel reactor with 2 stainless steel balls. The 
reactor was closed, charged with 20 cubic centimeters 
of S-ethylidene norbomene, cooled, and charged with 
75 g of propylene. After warming to 100° C. the reactor 
was charged with 700 psi ethylene and the catalyst 
ampoule broken. After 1 hour the polymer was iso 
lated, separated from glass and dried in a vacuum oven 
at 80° C. for 16 hours. A melt-pressed ?lm of the ter 
polymer was analyzed by infrared analysis and found to 
contain 12 methyl groups/100 carbons and 4.6 trans 
olefinic groups/100 carbons, which is equivalent to a 
composition of 32 weight % propylene and 1.97 weight 
% ethylidene norbomene in the terpolymer. 
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EXAMPLE 15 
Copolymerization of Ethylene and1—Octene Using 
Neophyl Zirconium Aluminate on Alumina Catalyst 

1.12 Gram of dry neophyl zirconium aluminate cata 
lyst preparedas in Example 13 except having a zirco 
nium content of 0.2 millimoles per gram of alumina was 
sealed in an ampoule and charged to a stainless steel 
reactor containing 2 stainless steel balls. The reactor 
was freed of air and charged with 10 cubic centimeters 
of l-octene, warmed to 100° C., and pressured with 
700 psi of ethylene. The catalyst vial was broken and 
the copolymerization allowed to proceed for 1 hour. 
The product was isolated, separated from glass and 
dried. The dry copolymer weighted 3.3 g and had a 
melting point of 120° C. as determined on a differential 
scanning calorimeter (Du Pont Model 900). 
Since the catalysts of this invention are subject to 

deactivation by 02, H2O, CO2 other reactive sub 
stances, in all of the examples precautions were taken 
to maintain the equipment clean and dry and free from 
atmospheric contact, and the solvents, H2 and mono 
mer were freed from traces of moisture or oxygen by 
the use of conventional desiccating agents and alkali 2 
metals. 
As shown by the examples, the preferred catalyst of 

this invention has a remarkably high activity as an ole 
?n polymerization catalyst compared to coordination 
catalysts previously known. It has the further very sig 
ni?cant advantage that, due to its high activity, the low 
concentration and the innocuous character of the cata 
lyst residues, which are white, free from corrosive halo 
gens and non-toxic, it is not necessary to remove the 
low level of catalyst residues from the polyole?ns pro 
duced. This eliminates the expensive, time-consuming 
catalyst-removal process steps characteristic of previ 
ously-known commercial processes for the preparation 
of polyole?ns using coordination catalysts. 
The ole?n polymers produced by the process of this 

invention are regular, linear head-to-tail polymers of 
high molecular weight useful for subsequent fabrica 
tion by conventional equipment into tough colorless 
?lms, ?bers, molded articles, pipe and wire coatings. 

ANALYTICAL METHODS 

a. The melting points of the polyole?ns prepared 
were accurately determined by differential thermal 
analysis according to the general method described in 
the chapter “Application of Differential Thennal Anal 
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temperature of about 50° C. and then reheated, again 
at 5° C. per minute, and the melting point observed. 
This procedure gives comparable melting points for 
polyole?ns to those obtained by visual observation 
using a hot-stage microscope equipped with crossed 
polarizers in accord with the ASTM procedure Desig 
nation D2117-64 for the determination of the melting 
point of semicrystalline polymers. 

b. One method for molecular weight determination is 
0 the measurement of inherent viscosity of the polymer 

15 

in solution. The measurement of inherent viscosity 
bears a direct relationship to the number average mo 
lecular weight for each class of polyole?n and it was 
used in the above examples to characterize the poly 
propylene products of the examples. The inherent vis- - 
cosity (mof the polypropylene was measured by dis 
solving 0.05 g. of the polyole?n in 50 milliliters of 
decahydronaphthalene at 170° C. The solution was 
filtered and transferred to an Ostwald viscometer and 

0 the viscosity of the polymer solution and of the decahy 
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ysis to High Polymers,” Organic Anslysis Volume IV, 50 
page 361, lnterscience Publishers, Inc. (1960). Using a 
differential ‘thermal analyzer, e.g., a Du Pont Model 
900 DTA, ?tted with a differential scanning calorime 
ter (DSC) cell adjusted to a heating rate of 5° C. per 
minute using an empty aluminum pan as a reference, a 
sample of the polymer was heated in an aluminum pan 
to 20° C. above its melting point. The sample was 
cooled approximately 15 minutes until it reached a 
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dronaphthalene solvent measured at 130° C. by noting 
the time required to pass the same volume of each 
material through the viscometer. 
The inherent viscosity (1),) was then calculated by 

5 using the following fonnula: 

2.303 log [?ow time for solution/?ow time for solvent] 
"1: = 

gm. of polymer in 100 ml. of solvent. 

The inherent viscosity may be correlated with the num 
ber average molecular weight of the linear polyole?n, 
e.g., an inherent viscosity of 1.0 corresponds to a num 
ber average molecular weight of 180,000, an 1;, of 5 
corresponds to 750,000 and 1;, of 10 corresponds to 
1,800,000 for the polypropylene polymers disclosed 
herein. ' 

c. The weight average molecular weight of the poly 
ole?n products herein may be measured by the classi 
cal methods of light scattering. However, in the case of 
the linear polyethylene products of the examples, the 
weight average molecular weights of the products 
herein were determined from a previously-established 
correlation between melt ?ow (ASTM 1238~65T Con 
dition E) and weight average molecular weight as de 
termined by light scattering, e.g., a melt ?ow of 1 corre 
sponds to a weight average molecular weight (MW) of 
140,000 and a melt flow of 3.5 to M", =100,000. 
d. The characterization of tetra(neophyl) zirconium 

by nuclear magnetic resonance spectroscopy was car 
ried out according to the general proceduce described 
in “Interpretation of NMR Spectra” by R. H. Bible, 
Plenum Press, 1965; Appendix, page 1 19. The tetra( 
neophyl) zirconium (0.02 g.) was dissolved in 0.2 cc of 
deutrobenzcne (99.8%) in a 5 mm. O.D. X 5 inch glass ' 
NMR tube. The spectrum was determined at 42° C. 

1 claim: 
1. Tetr'a(neophyl)zirconium. 

* * * * * 


